We have observed the complete delamination of polycrystalline chromium films from single crystal silicon substrates during deposition due to the formation of high internal stresses. These intrinsic stresses can give rise to interfacial defects which assist in the separation of the film from the substrate. Stresses in the film are balanced by stresses in the substrate, which cause mechanical failure in the substrate near the interface. Extensive arrays of dislocations and cracking of the substrate have been observed. We find that the delamination of the films from the substrate is initiated by the formation of damage in the substrate, rather than to the film or the interface.
I. INTRODUCTION
Large internal stresses can be induced when thin films are formed by deposition from the vapor phase onto a substrate. 12 The stresses typically do not cause plastic deformation of the film because the small dimensions of the specimens prevent dislocation multiplication from occurring. 1 ' 3 The stresses, however, may lead to delamination of the film from the substrate and thereby cause catastrophic failure of the film-substrate system. Various studies have shown that the stress in a tensile loaded film decreases rapidly with the increasing film thickness and yet the failure of the system occurs when a welldefined thickness is exceeded. The results of Ng 4 and Namaroff 5 show that the stresses in the film decrease rapidly with increasing film thickness and beyond a 'critical thickness' the stress becomes constant. The stresses in the film become constant as a consequence of the failure of the film substrate composite after the critical thickness has been reached, and the film failure occurs while the stress in the film is reducing, rather than increasing. The occurrence of this type of failure is therefore something of a puzzle. Although it is well established that pre-existing cracks traversing the film may propagate under these conditions, 6 the mechanism by which a through-film crack can be nucleated remains an open question, given that it occurs while the film thickness is increasing and the stress is decreasing. We have demonstrated in other papers 7 ' 8 that the stress in a thin film is not homogeneous and this may have some effect upon the mechanism of the failures.
In this paper we report on experiments that were undertaken to elucidate the mechanism of failure initiation.
II. EXPERIMENTAL
In the present studies chromium films with different thicknesses were thermally deposited onto silicon single crystal wafers of (111) and (100) surface orientations. The substrates were nominally at room temperature for all depositions. A deposition rate of 0.15 nm per second was used for all the coatings and a range of coating thicknesses from 5 to 500 nm was prepared.
Transmission electron microscopy specimens were prepared using a modification of the apparatus suggested by Booker and Stickler. 9 Disk specimens were trepanned from the whole wafers and chemical jet polished from the silicon side, in order to yield thin specimens consisting of the substrates and the coating which can be inspected in plan view.
Cross-sectional TEM specimens were prepared using the technique of Bravman and Sinclair, 10 in which a block of coated wafers is formed by gluing several of them together face to face. This block is then cut and polished perpendicular to the wafer surfaces followed by ion milling. In our case, "precision ion milling" using a focused scanning ion beam was sometimes employed in addition to conventional ion milling.
III. RESULTS
A distinctive phenomenon for our specimens has been the delamination failure of the films, which occurred when a "critical thickness" was reached. The thickness at which the failure typically occurred was between 100 and 160 nm under the deposition conditions that we have used.
Figures l(a)-l(d) show the stress relief patterns. Chromium films show the presence of large internal tensile stresses and the films show a tendency for delamination and subsequent upward curling. The delamination of the films was observed to be in the form of the long straight cracks in the film forming ribbons of the film material. These long straight cracks were found to run parallel to each other, all over the surface of the film. About twenty-five TEM specimens were prepared from uncoated silicon substrates, including both the (111) and (100) orientations. Figure 2 shows the presence of artifacts that were observed in various specimens with or without films. The features to be noted are (1) cracks (identified by contrast analysis 11 ) running parallel to the edge of the hole (marked 'A') and (2) etch pits (marked 'C').
Cracks running parallel to the edge of the hole of the specimen (marked 'A') are caused by chemical jet thinning. Similarly, the etch pits (marked 'C') are due to the chemical etching of the specimen. The artifactual damage described here is never associated with dislocations in the silicon, which is considered completely brittle at the temperatures attained during specimen preparation. Care has been taken to eliminate these types of artifact from further consideration. Figure 3 is a plan view TEM image exhibiting slip traces similar to those observed in metals with strong oxide films, 12 although no failure of the film is observed to be associated with the deformation. In this case the film is 5 nm thick chromium on a (111) silicon wafer and it is still present on the specimen surface. Such traces are frequently observed in our specimens and are always parallel to the projections of {110} planes in the substrate. The contrast arises because of the surface constraint imposed by the adherent film and the consequent elastic buckling of the diffracting planes around constrained surface slip steps. The existence of the contrast therefore confirms both that substrate deformation has occurred and that the metal film is still adherent. The density of slip traces (line length per unit area, or, equivalently, number crossing a line of unit length) increases with the increasing film thickness, as shown in Fig. 4 . The density of slip traces in the substrate for the 5 nm film was found to be 2 x 10 9 /cm, while that for the 500 nm thick film was 5 x 10 9 /cm. It appears that the greater substrate stress caused by the thicker film results in more plastic deformation of the substrate.
Figures 5(a) and 5(b) show bright-field and darkfield TEM images from a (100) orientation silicon substrate bearing a 5 nm thick chromium film. The film is completely adherent to the substrate and continuous. This fact is more clearly evident from the dark-field picture. The presence of slip traces in the substrate together with the presence of dislocations in one of the slip traces is also evident. Another TEM image of a substrate with a film still attached is shown in Fig. 6 , where a crack in the film is seen to be associated with extensive deformation of the substrate. This example, again, is from a (111) silicon specimen with 5 nm chromium film.
FIG. 6. Bright-field transmission electron micrographs in plan view from a specimen with a 5 nm chromium film deposited on a (111) oriented silicon substrate. There is a crack in the film which is seen extending beyond the edge of the substrate. There is evidence of extreme deformation of the substrate beneath the crack in the film, but the edges of the crack are wider than the deformed region of the substrate.
In Fig. 7 , we show a substrate without the film, which has completely delaminated. This example is from a (100) substrate that had a 500 nm film deposited on the surface. In this case, a long array of cracks can be seen, bounded by an array of dislocations that appear to have been emitted from the crack tips. The contrast due to the cracks is in the form of characteristic moire fringes. 11 The Burgers vector of these dislocations was found to be 1/2 [110], which is inclined at an angle of 45° to the substrate surface, consistent with the formation of slip steps, as inferred from Figs. 4 and 5. Figure 8 shows another substrate from which the film has completely delaminated. The presence of heavy plastic deformation in the substrate in the form of dislocations is evident. This example is from a (100) orientation wafer coated with a 500 nm thick film. It is seen that the dislocations emitted lie in crystallographic directions. The Burgers vector of these dislocations was 1/2 [110], again inclined at an angle of 45° to the substrate surface. Figure 9 is a cross-sectional view micrograph from a 250 nm chromium film and (111) silicon substrate, showing a crack similar to those seen in plan view in Fig. 7 . There is, however, a very significant difference in this case, in that the coating is still present on the surface of the silicon, and even appears to be undisturbed. This The 500 nm chromium film has completely delaminated from the substrate, leaving only the (100) silicon wafer. An array of dislocations can be seen, running parallel to an array of crack which appears to have approximately the shape of a scallop shell. The silicon was initially defect free, so all this damage can be attributed to the formation and deiamination of the thin film.
provides clear evidence that the failure of the substrate occurs before the film breaks. The contrast from the crack is primarily in the form of moire fringes which have been analyzed in detail elsewhere.11
In Fig. 10 , a cross-section view TEM micrograph can be seen where the film has separated from the substrate. It is seen that in the region where the interface has failed, the substrate shows severe damage that is similar to that seen in plan view specimens in Fig. 6 . There is a difference in this case in that the film has only delaminated but is still continuous. The film has parted from the region where there is heavy deformation in the substrate. There are at least three overlapping cracks in the substrate, each one exhibiting a distinct moire pattern. The regions of intersection of one or more cracks show changes in moire fringe contrast. This image was obtained from a specimen with a 250 nm film on (111) orientation silicon substrate.
Another cross-section view TEM image is shown in Fig. 11 . It can be seen that the film has also cracked through where there is a crack in the substrate. Other heavy deformation in the substrate is evident as well. This micrograph was also taken from a (111) orientation silicon specimen with a 250 nm chromium film.
IV. DISCUSSION
It is the general experience of the materials scientist that mechanical failure of any form occurs when some critical stress is exceeded. It is difficult, therefore, to rationalize the failure of thin films on substrates at some well-defined thickness, where the stress is decreasing with increasing thickness, unless there are pre-existing cracks either at the interface or running completely through the thickness of the film.6 On the other hand, stress in the substrate, immediately below the coating, increases with increasing film thickness, so it is not unreasonable to anticipate that failure occurs first in this region.
In some of the cases studied here, we have seen evidence of plastic deformation of the substrates, which is not usually observed in silicon at room temperature. Goyal and King8 have suggested that during the deposition and growth of thin films, there is a substantial increase in the deposition surface temperature, as indicated by grain growth in these refractory metal films during deposition. Various other studies13"17 have shown that during vapor deposition of the films on substrates, the surface temperature can rise by several hundred degrees. This substantial temperature increase experienced by thin films during their growth undoubtedly has consequences for grain growth, stress relief, and, in this case, dislocation generation.8'14 Using the approach of Pargellis17 we have estimated that the temperature rise can be of the order of several hundred degrees for a few nanometers of film thickness deposited.11 The ductile-to-brittle transition temperature is particularly marked and abrupt in single crystal silicon; the transition occurs within about one degree centigrade above 600 °C, according to Sylwesterowicz18 and St. John. 19 Michot and George20 have also observed dislocation generation in silicon in the vicinity of the crack tips when their samples were loaded at the brittle-to-ductile transition temperature. If a temperature rise of 600 °C can be achieved, as indicated by various estimates, then the generation and motion of dislocations in the silicon becomes possible. In our experiments, the thinning of the substrate to the point of electron transparency increases the stress in the silicon. Chiao and Clarke 21 have pointed out that the mode I fracture toughness of silicon in the brittle regime at room temperature is fairly high (0.94 MPa m 1/2 ). Silicon is therefore not prone to subcritical crack growth, so the cracks produced are not expected to grow during sample preparation. Their specimens were under different conditions than ours, because of the presence of thin films on top of the silicon single crystal wafer substrates in our work. The stress in our thin films induces stress in the substrates, which can be higher than the yield strength of silicon, as proved by the plastic deformation of the substrates. The stresses certainly change during thinning, but any kind of further deformation during handling and thinning is not expected because the temperature is very low compared to the ductile-to-brittle transition temperature of silicon. Crack growth and the formation of artifact cracks may, however, occur.
Chiao and Clarke 21 have found that dislocations are emitted from crack tips under load at temperatures (approximately 600 °C) associated with the macroscopic brittle-to-ductile transition in silicon. It has been the general observation that in silicon, if the specimen is mishandled during specimen preparation for TEM, then the result is a classic brittle fracture without the generation of dislocations, and the crack cleaves right through the specimen and finite-sized cracks are not observed. Hence, the finite-sized cracks with dislocations emitted from their tips, observed in our silicon substrates, are not induced during the specimen preparation and handling. This confirms that dislocation generation and plastic deformation in silicon can occur if and only if the following two conditions coexist: (1) The temperature is in the vicinity of ductile-to-brittle transition of silicon, i.e., approximately 600 °C. (2) The specimen is stressed sufficiently for dislocation emission. In our studies, the temperature during deposition of thin films can reach the ductile-to-brittle transition temperature for silicon. Also, the substrate is sufficiently stressed by the thin film deposition and growth process. Hence, the observed plastic deformation in the silicon substrates is possible under the deposition conditions. It can thus be surmised that the damage that has been observed has occurred during the deposition process while the specimen temperature was elevated, which would be consistent with our model for the failure of coatings as they are grown. We are therefore confident that the defects shown in Figs. 3 through 11 arose during the deposition process.
The effect shown in Fig. 3 clearly demonstrates that slip occurs in the substrate before delamination of the film: it is the continued adherence of the thin film that causes the bending of the lattice planes necessary to create the contrast. The bending occurs because the surface slip step cannot be fully released when it is constrained by the film. The increase in the density of slip traces with the increase in the film thickness again provides evidence that the stress in the substrate is increasing with the increase in film thickness. This means that the deformation of the substrate will be more evident at higher film thicknesses. Figure 5 indicates the evidence of plastic deformation of the substrate while the film is fully adherent to the substrate. The presence of dislocations in the substrate slip trace confirms the plastic deformation of the substrate underneath the continuous film. The slip traces are also seen to run parallel to the (110) direction in the substrate. This deformation is consistent with a temperature in excess of 600 °C, which can be achieved during the deposition of the film. It is not achieved during subsequent handling and thinning. Figure 6 provides evidence that severe deformation of the substrate is associated with film failure. Figure 7 also indicates that the type of substrate damage that might be expected includes the formation of cracks, which in this case form long straight arrays whose axes are parallel to the traces of {110} planes in the substrate. Figure 8 is obtained from a specimen that had 500 nm thick chromium film on top of it. Also, the type of deformation structure shown in Fig. 8 is characteristic of deformation occurring at high temperatures only. This observation therefore confirms the surface temperature rise calculations that for higher thickness films the surface temperature is also higher. Figure 9 provides very strong evidence that the failure of substrate coating systems of this type occurs first in the substrate, even when the form of damage to the substrate is of the most extreme nature. Figure 10 clearly shows that the delamination in a film that is in tension takes place from the region where there is heavy deformation in the substrate. This form of film delamination confirms the observations in Fig. 6 , where the film has cracked and buckled from the regions of the substrate that have undergone severe deformation. Again it is strongly indicated that the failure has occurred first in the substrate, while the film is continuous though delaminated from the substrate. Figure 11 shows the type of final failure of both the substrate and the film. It seems as if the crack in the substrate is extending into the film, thereby leading to its failure.
On the basis of our observations, we infer that the processes involved in the delamination of chromium films include the deformation and/or fracture of the substrate prior to the failure of the film, as demonstrated in Figs. 3, 5 , and 9. Resulting from the damage to the substrate, and localized at the substrate damage, incipient film delamination occurs, as shown in Fig. 10 , and eventually the film cracks over the substrate damage, as shown in Figs. 6 and 11. The Burgers vector of the dislocations in silicon substrate observed in our studies was found to be inclined to the substrate surface. Hence, in general, the damage is of a form that creates a step in the substrate surface, and we infer that this step provides the necessary incipient delamination and stress concentration that leads to the failure of a tensile film, thus precipitating its failure.
While all of the observations presented in this paper concern chromium films, there is some evidence of greater generality of the findings. For example, we have made essentially identical observations in specimens comprising sputtered tungsten films and silicon substrates.
11 This is of particular note, because sputtered tungsten films are compressively loaded, in contrast with the tensile stresses in the chromium films reported here. Rozhanski 22 has observed the formation of arrays of "scallop-shell" cracks like those in our Figs. 7 and 8, during the formation of oxide films on germanium substrates.
V. CONCLUSIONS
Thin film deposition can cause significant temperature rise at the substrate surface and throughout the film. These temperature increases permit various thermally activated processes to occur and may be severely detrimental to the device performance, if not taken into consideration in process design.
The failure of chromium films during growth on silicon substrates is associated with the damage to the substrate rather than to the film or the interface.
